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ABSTRACT

Dip Pen Nanolithography (DPN) is a lithographic technique that allows direct deposition of
chemicals, metals, biological macromolecules, and other molecular “inks” with nanometer
dimensions and precision. This paper addresses recent developments in the design and
demonstration of high-density multiprobe DPN arrays. High-density arrays increase the process
throughput over individual atomic force microscope (AFM) probes and are easier to use than
arrays of undiced commercial probes. We have demounstrated passive arrays made of silicon (8
probes, 310 pm tip-to-tip spacing) and silicon nitride (32 probes, 100 pm tip-to-tip spacing). We
have also demonstrated silicon nitride “active” arrays (10 probes, 100 um tip-to-tip spacing) that
have embedded thermal actuators for individual probe control. An optimization model for tilese
" devices, based on a generalized muitilayer thermal actuator, is also descni}eé '

INTRODUCTION

Dip Pen Nanolithography (DPN) is a recently introduced [1] method of scanning probe
lithography that offers significant advantages over other lithographic processes. In this method,
chemicals are adsorbed onto an AFM probe then deposited on a surface by diffusion from the tip
while scanning in contact mode. The most common probe is a silicon nitride AFM tip that has
been coated by dipping it in a chemical solution or by evaporation from a heated source.

DPN has been successfully applied to a wide variety of patterning tasks. It has been used to
pattern biological macromolecules such as thiol-modified ssDNA [2], collageﬁ (via direct
patterning) [3], and rabbit immunoglobulin G (via selective adsorption onto 16-
mercaptohexadecanoic acid patterns) [4]. The meniscus that forms between the probe tip and
substrate in air has been used as a nanoscale chemical reactor to pattern sol-gel precursors [5], a
variety of metals [6,7], and caﬁdactiﬁg polymers {8}]. Surface binding in the these demonstrations
ranges from strong covalent bonds, as in the thiol-gold {1] and silane-oxide [9] systems, to
weaker electrostatic, van der Waals, hydrophobic, and hydrogen bonds [10]. In some cases, the
covalent chemistries have been shown strong enough to act as masks in various s&bstrate etching
applications [11,14].

The wide variety of tasks for which DPN has been used is an indicator of its potential for
commercialization, but success will require more than just robust chemistry systems. The real
power of DPN can only be unlocked with pattern generation capabilities that far exceed those of
single probe systems. The first attempt at multiprobe patterning [12] used a 1-D array of undiced
commercial probes. Although this method works, the arrays are so wide (~1.5mm per probe) that

array-to-surface misalignment limits the array size with little gain in pattern density. We have
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developed a variety of high-density, one-dimensional, passive and active probe arrays that satisfy
the need for true high-density pattern generation.

PASSIVE PROBE ARRAYS

‘We have demonstrated passive high-density probe arrays [13] with tip-to-tip spacing that is
more than an order of magnitude better than what is achievable using commercial probes. The
arrays are easier to align with the substrate and function in a wide variety of AFMs. SEM
micrographs of the devices are shown in Figure 1. One design consists of silicon nitride probes
that are 375 um long (base to probe tip), 50 pm wide, 600nm thick, and have a tip-to-tip spacing

" of 100 pm. The probes have an analytically estimated spring constant of 0.018 N/m and have
been used for lithography and topographic imaging {13]. Another design uses silicon probes with
beams that are 15 pm wide and 5 pm thick. The tip-to-tip spacing is 310um. The suspension is
folded to increase the beam’s effective length and lower its spring constant to an FEA estimated
value of 0.315 N/m. They have been used in lithography and tapping mode imaging applications
[13]. Figure 2 shows examples of imaging and lithographic results from both designs. All
lithography was performed using 1-octadecanethiol (ODT) on a gold substrate.

The fabrication of these devices has been previously described [14] and is summarized here.
The probe tips are first formed by anisotropicly etching the surface of a <100> silicon wafer,
followed by oxidation sharpening [15]. For silicon nitride probes, the wafer is coated with low

500um

Figure 1. (Left) A passive array of 32 rectangular silicon nitride DPN probes. (Right) A passive
array of eight folded-beam silicon DPN probes.

Figure 2. (Left two images) A contact mode calibration grating image and ODT pattern from a
passive silicon nitride DPN probe. The ODT characters are 5 um tall and the line width is 260nm
(Right two images) A tapping mode calibration grating image and ODT pattern from a passive
silicon DPN probe. The ODT characters are 1.5 ym tall and the line width is 60 nm.
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pressure chemical vapor deposited (LPCVD) silicon nitride and the beams are etched out using
reactive ion etching. The beams are then released by anisotropic wet etching from the front side
of the wafer. For silicon devices, the beams are etched out of an implanted boron eteh stop layer
and the remaining silicon is removed by anisotropic wet etching.

ACTIVE PROBE ARRAYS

Active probe arrays contain actuators within each probe to Lift individual tips off the surface.
This allows different patterns to be written by different probes when alt probes travel the same
path. For our case, thermal actuation was chosen for its large deflection, fabrication simplicity,
and robust operation. The active probe arrays consist of a linear array of cantilever beams, each
having its own joule heater, silicon nitride/gold bimetallic thermal actuator, and tip. An SEM
micrograph of an array is shown in Figure 3 along with an illustration of its operating principle.
‘When the heater is energized, the probes are hot and the tips are lifted from the surface to

_suspend lithography. When the heater is de-energized, the probe is cool, the tips are pressed
against the surface, and lithography is performed in contact mode. The fabrication process for
these devices is an extension of the process used to make the devices in Figure 1. The only
difference is the addition of steps to evaporate and pattern a chrome/gold layer before the final
release etch. This layer forms the heater, power leads, and actuator.

N-layer thermal actuator modeling

Although these devices are referred to as bimetallic thermal actuators, they are actoally three
layer devices due to the need for an adhesion layer. Many deflection models have been published
on the bimetallic case [16-22] but we have found that approximating multilayer (>2 layers)
devices as bilayer devices can lead to significant error when estimating tip deflection. Most
practical devices need additional layers for promoting adhesion or electrical isolation. As a result
of this deficiency, we have created a more general model that characterizes cantilevers with an
arbitrary number of layers, each having its own width, thickness, modulus of elasticity, thermal
expansion coefficient, and intrinsic stress state. The beam radius of curvature is calculated by
summation across some or all of the layers of the structure and may be applied to uses beyond

Silicon substrate
 Chrome/Gold
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Figure 3. (Left) An array of ten 295 pm long, thermally actuated DPN probes.(Right)

Thermally actuated DPN probe operation. Heated probes deflect away from the surface.
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this particular situation. An abbreviated derivation follows.

Given a beam with n material layers, numbered i=1 to n, the first task is to find the location
of the neutral axis using the effective width technique [23]. After canceling the elastic modulus
of the reference material, the distance between the neutral axis and the bottom of the beam is
given by

i=t

y= - 2, o))

ZEiwiti
i=1

n ti i-1
S Ewit; 5+th

where E is the modulus of elasticity, w is the width, and ¢ is the thickness of the ith layer. The
outer summation (i) is applied over all layers while the inner summation (j) is over the layers
below layer i. The term in parenthesis is the distance from the bottom of the beam to the middle
of the ith layer. The flexural stiffness of the beam is found using the effective width technique
and the parallel axis theorem and is given by

2
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where E, is an arbitrary reference modulus.

The radius of curvature of the operating actuator results from four sequential processes: (1)
layer deposition with a preexisting stress, (2) patterning of alt layers to a uniform length, (3)
relaxation following release from the substrate, and (4) heating or cooling to the operating
temperature. The stress state in each layer is the sum of a uniform component and an assumed
linear gradient and is, in general, unrelated to the stress in the other layers. The total strain in a
given layer i can be found by superimposing the strain due to uniform intrinsic stress, thermal
expansion, and the change in beam length

O, i U~V L
i=—‘~““‘( ’)—(xiAT+ln —bam |, ©)!
Ei patterned

where v is the poisson’s ratio, o; ..y is the biaxial hydrostatic stress, eis the thermal expansion
coefficient, AT is the change in temperature of the entire beam, Lyan.meq is the patterned length of
the beam before release from the substrate, and Ly is the final length of the beam after release
and heating. Since the cantilever beam carries no axial load, the force exerted by each layer due
to internal stresses is given by P=Ewte and must sum to zero giving

ip;l[ )ZEwt +Z( 6, it (1= V; )~ E;w;t;0,AT) = 0. @)
i=1 L patterned

i=1
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Equation (4) can be solved for the strain due to the change in beam length, given by
In{ Ligan/ Lpanernea). Substituting this result into (3) yields the total strain in layer /. The total strain
is then used to find the force and moment exerted by each layer on the beam. Summing these

moments gives the total moment within the beam due to thermal stress and uniform intrinsic
stresses, :

=1

fi3
] O 1-v;) Z“’iti{ﬁsmf (l_vi)_giaiAT) (i ;
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A stress gradient may also be present in each layer resulting from changes in the film growth
conditions during deposition. Assuming that this stress gradient is linear and uniform in the plane
of the film, the total moment exerted on the beam by layer stress gradients is given by summing
the individual moments exerted by each gradient

: s, ‘
Mgrad =gzwiti ci,graé{l_vi}* {6}
i=1

where O graq is the maximum value of the gradient stress. Thus, the radius of curvature, from
which the deflection can be calculated, is found from

I14E

R=— 0 , Q]
Munif +M grad

Equations {1,2,5,6, and 7) constitute a system that allows for the calculation of the radius of
curvature of a heated composite beam consisting of any number of layers, each with its own
material properties, geometry, and intrinsic stress. ‘ ' ‘

This n-layer model has been compared with FEA simulations of uniformly heated
cantilevers having up to seven layers. The parameters used in the simulations are listed in Table I
and the results have been plotted in Figure 4. Case 1 and 2 represent a simple thermal actuator
layout and only differ by the addition of a 1504 chromium adhesion layer. The effect of this
addition is to increase the tip deflection by 12%. This illustrates how significant errors can result
from the bimetallic approximation. Case 3 is an arbitrary 5-layer design that the n-fayer model
estimates with less than 4.5% error from the FEA solution. Case 4 and 5 represent a 7-layer
design that clearly cannot be approximated as a bimetallic actuator. The two cases only differ in
that the first assumes no intrinsic stresses while second includes the stresses. The intrinsic

stresses result in a negative tip deflection at 47=0. The analytical solution is within 4% of the
FEA solution in both cases.

Array feasibility modeling

The tasii of modeling thermally actuated DPN probes does not end with the estimation of tip
deflection. In real applications, several additional issues must be accommodated to produce




Table I. Geometry and properties of five test beams used in FEA simulations.

t w E a O unif
Layer (A) (um) [Material| (GPa) (*10’6/°C) (MPa)
ICase 1: 400um long, v=.3

1 3000 50 SisNg 200 2.8 0

2 300 50 Au 80 14.3 0
Case 2: 400pm long, v=_3

1 3000 50 SisNy 200 2.8 0

2 150 50 Cr 920 6.0 0

3 300 50 Au 80 14.3 0

ICase 3: 1000pm long, v=.33

1 5200 100 Si 190 2.6 0
2 2300 90 Au 80 14.3 0
3 6100 130 Si0; 67 .35 0
4 4800 120 Ti 110 8.6 0
5 8900 110 Si0, 67 .35 0
ICase 4(without stress) and 5(with stress): 1000um long, v=.3
1 6500 45 Au 80 14.3 40
2 500 45 Ti 110 8.6 0
3 5000 50 SiO, 67 35 -20
4 30000 | S50 Si 190 2.6 0
5 2000 40 Si0, 67 .35 -52
6 500 25 Cr 90 6.0 0
7 5000 25 w 344 45 -30
50 T T T T T T T T T
o ‘
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Figure 4. Comparison of probe deflections found using the analytical model, equations (1,2,5,6,
and 7), and FEA deflection results. Each case represents a layout as defined in Table L In all
cases, the analytical result differed from the FEA result by less than 6%.
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functional devices that will not damage the substrate surface. In most DPN applications, there are
at least four ways an array may fail to produce the desired result. The probe may be stiff enough,
or the tip sharp enough, to scratch the surface. The intrinsic stresses may be large enough to
excessively curl the beam after release. The actuator may not generate enough force to overcome
tip-to-surface adhesion. Or finally, the actuator may not generate enough deflection to overcome
the array overdrive. Overdrive is defined as the additional distance downward, beyond the point
of first contact with the substrate, that the array must be pressed to overcome arr&y-to—surface
misalignment and irregularities in the tip-to-tip height.

To prevent these failures, the probe geometry and operating parameiers can be changed.
Unfortunately, many changes will have an opposite impact on the various constraints. For
example, increasing the probe stiffness will increase the force it can generate but will also
increase the risk of scratching the substrate. The simplicity gained by eliminating the need for
individual probe feedback control is offset by the need to carefully evaluate designs before
fabrication. ,

To resolve these conflicting design issues, the n-layer beam model was combined with
simple relationships that describe Hertz contact mechanics and capillary adhesion [24] to create
an array design simulator [25]. The simulation iterates through & predetermined set of geometries
and calculates the probe shape, spring constant, actuator deflection, actuator force, tip adhesion
force, and maximum allowable tip down force. This information is used to estimate whether the
probe will fail any of above criteria. Designs that pass are plotted against their geemetncal
parameters to graphically show the relationships between successful layouts.

The results of an example simulation are plotted in Figure 5. The box represents the range of
examined actuator designs (approximately 61,000 geometries that differ by length and actuator
layer thickness). Designs that pass all the selection criteria (in this case 3,549 or 5.8%) are
considered successful and plotted. Failing layouts can also be plotted to show their
interrelationships. The plots give a clear visual description of the performance of every design in
the design space and allow for a rapid visual evaluation of several optimization schemes.

Suppott TA-DPN
Chip Probe Array
Power

Leads EHeater Actuator Paich ‘ﬁp
B4

Chromium / Gold
£ A

Lo
50
90 SigN,

“~ Support ch%p\ssliacm nitride o Thickness (A)
Figure 5. (Left) The simplified layout used in the example feasibility simulation. (Right} A 3-D
plot of the successful designs based on the probe layout. Every geometry in the box was
simulated and the successful designs were indicated with a shaded dot. The shading indicates the
actuator force in percent excess of the minimum necessary to overcome tip-to-surface adhesion.
The plot clearly shows the relationship between successful designs and the probe geometry.
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Devices

The devices in Figure 3 represent a design that has been optimized across several criteria.
The maximum length was fixed at 300 um to prevent wet release stiction problems. The
maximum allowable temperature was limited to 60°C to prevent oxidation of the ODT “ink”.
Probe stiffness was limited to prevent scratching a gold substrate with a maximum allowable tip-
to-substrate angular misalignment of 1 degree. The final design parameters were adjusted to give
the greatest chance of a successful design despite minor process variations. To meet these
criteria, the devices in Figure 3 have a silicon nitride thickness of 9300 A and gold thickness of
3650 A. The probes are 80 um wide, 295 um long, and have a tip-to-tip spacing of 100 um. The
analytically estimated spring constant is 0.154 N/m. The heater films have the same thickness as
the actuator films.

The thermal performance of the thermally actuated DPN probe is plotted in Figure 6. The
typical operating power is approximately 2.5 mW, corresponding to a tip deflection of 10 um
during operation. Analytical modeling indicates that, at this power, the probes reach an average
temperature of ~28°C above ambient, which is supported by uniform temperature testing. For
chemical inks that are sensitive to heat, the environment can be cooled to allow thermal actuation
without excessive temperatures. In our experiments, the binding and friction characteristics of
ODT were unaffected by these temperature regimes.

A demonstration of the use of an active probe is shown in Figure 7. In this figure, an active
DPN probe was passed through an identical figure-8 pattern several times. The actuator was used
to lift the probe from the surface, thus altering the resulting pattern during each run.

A final note concerns tip sharpness. In most AFM applications, tip sharpness is an important
issue. During fabrication of our devices, silicon “forms” are coated with silicon nitride to form
the tips, thus the tip radius is approximately equal to the nitride film thickness. This can affect
the minimum line width and would appear to be a major disadvantage, but we have found that
there are several benefits to consider. The overcoat method makes possible a simple and robust
fabrication procedure that does not require wafer bonding. The large tip radius also increases the
availability of ink near the contact point and greatly reduces the risk of scratching the substrate.
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Figure 6. Tip deflection vs. uniform temperature rise and heater power for the devices in Figure
3. Results from two probes are shown in the deflection vs. power plot. The large difference
between the vacuum deflection (<300mTorr) and deflection in air illustrates the impact of
convection heat transfer on probe performance.
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Figure 7. (1-9) 6 um x 4 pm patterns generated by a single thermally actuated DPN probe. Bach
number was generated by passing the probe through the same figure-8 path and using the thermal
actuator to lift the tip as necessary to create the desired pattern. The ODT patterns are written on
gold at .3 ym/sec and imaged using lateral force microscopy with a commercial probe. (Lower
right} An LFM image of an 80 nm wide ODT line drawn on a gold substrate by an active probe
design at 20 pm/sec.

This, in turn, allows the system to tolerate greater tip-to-substrate misalignment. The line width
issue can be partially remedied by increasing the write speed. In our early testing, as shown in
Figure 7, we have achieved a minimum line width of 80 nm at a write speed of 20 pm/sec. New
designs that combine these advantages with sharper tips are under development.

CONCLUSIONS

We have developed high-density passive and active probe arrays for performing dip pen
nanolithography. The probes are produced using a simple and robust fabrication processes, and
are capable of producing patters with sub-100 nm dimensions. The active probes operate by
lifting the probe tip off the surface when their thermal actuators are heated. A performance
simulator was created, based on a new n-layer thermal actuator model, to optimize probe designs
for the lithography conditions. The resulting designs operate with a power of 2.5 mW per probe,
leading to an average temperature tise of approximately 28°C and a tip deflection of 10 um. A
demonstration of pattern variation using a thermally actuated probe was also given.
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